H is shorthand for muonium). Kinetic isotope effects can be compared for the unprecedentedly large mass ratio of 36. The agreement with accurate quantum dynamics is quantitative at 500 kelvin, and variational transition-state theory is used to interpret the extremely low (large inverse) kinetic isotope effects in the 10 −4 to 10 −2 range.
I sotopic substitution provides a widely used tool for mechanistic analysis of chemical reaction rates and is a test bed for fundamental theories of chemical kinetics (1) . A key simplifying assumption in chemical dynamics is the Born-Oppenheimer (BO) approximation (2) , which allows the potential energy surface (PES) that governs nuclear motion to be calculated independently of the motion of the nuclear masses. The BO approximation facilitates the calculation and interpretation of kinetic isotope effects (KIEs), defined as the ratio of rate constants for two reactions differing only in isotopic masses, which provide mechanistic information even for complex reactions. The largest conventional KIEs are associated with substitution of H. However, by using muons, one can access KIEs corresponding to isotopic mass ratios much greater than even 3 (3-5), and here we present an example with the unprecedentedly large ratio of 36.4.
The lightest H atom isotope is muonium (Mu), in which an electron (e) orbits a positive muon (m + )
"nucleus," which is 206 times heavier than an electron, so that Mu [ H has proven to be an unusually sensitive probe of quantum effects on nuclear motion in reaction rates, both in terms of zeropoint-energy (ZPE) shifts and in its propensity to manifest quantum tunneling (5, 6) .
In contrast to Mu, the heaviest usable isotope of H can be created by using a negative muon (m -) to replace an electron in He to form Hem, with an atomic mass of 4.116 amu (7) . Because the muon is much heavier than an electron, its 1s orbital is very close to the nucleus (mean radius of 0.2 pm), effectively screening one proton charge, so that Hem may be considered a virtual isotope of H, and so we will label it 4 H 2 allows a comparison of experiment and theory for this fundamental reaction over a mass ratio of 36.4. The theoretical results are based on an accurate PES and accurate quantum dynamics calculations so that-in contrast to the usual situation-the theoretical results for this system can be used as benchmarks to validate the experimental approach. We also report and compare calculations based on variational transition-state theory (12) (VTST); this method is approximate, but testing it is important because of its applicability to complex reactions for which accurate quantum dynamics are impractical (1, 13) .
Muon beams can be produced with essentially 100% longitudinal spin polarization at a nuclear accelerator such as TRIUMF, where the present experiments with negative muons (m -) were carried out. In the decay of the muon (m − → e − n e n m ), the resulting electron, which is detected in the experiments, is emitted preferentially opposite to the muon spin direction [see the supporting online material (SOM) (14) ]. In a low transverse magnetic field, a fixed counter in the plane of precession will detect an oscillating signal with a characteristic Larmor frequency as the muon spin sweeps past its solid angle (15) ; this is the basis of the transversefield muon spin rotation technique (16) we used.
Although the kinetic energies of muons are several million electron volts upon entering the gas target, most of this energy is lost to ionization and inelastic scattering processes down to energies of~100 keV (16) ; there is no loss in muon spin polarization because the muon spin is unaffected by these Coulomb interaction processes. At lower energies, the m -is captured into a muonic orbit by He, which ejects both of its electrons, leaving the 4.1 H + ion, which is neutralized in a chargeexchange collision (15) with ammonia dopant.
The experimental data are in histograms of the time differences between the detection of an incoming muon and the detection of its electron decay product. Superimposed on the signal is a function that reflects the interaction of the spinpolarized muon with its environment. Any process that causes a spin flip or spin dephasing causes a relaxation of the signal, with relaxation rate l; the most important process here is the pseudo-firstorder reaction of 4.1 H with H 2 . The procedure for analyzing the data is presented elsewhere (7), and further experimental details are given in the SOM (14) . Examples of the measured relaxation rates are in Fig. 1 .
For high accuracy, the present calculations replace the usual BO PES with the Born-Huang (17) PES. The latter is obtained by adding the BO diagonal correction, which depends on nuclear masses. The BO surface (18) is a fit to essentially complete configuration interaction calculations. The diagonal correction (19) raises the BO barrier of 9.60 kcal/mol to 9.73 for 4.1 He and to 9.97 for 0.11 H. The quantum-dynamics calculations used the outgoing wave variational principle (20) , numerically converged to better than 1%. The VTST calculations were carried out by improved canonical variational theory (ICVT) (21), with least-action ground-state (LAG) multidimensional tunneling contributions (22) , and with the bound stretching vibration treated with the Wentzel-KramersBrillouin approximation (23) and bends treated with the centrifugal oscillator approximation (24) .
The rate constants, k 4.1 , determined from the slopes of plots such as those in Fig. 1 , are shown in the Arrhenius plot of Fig. 2 , where they are compared to theory. The VTST results are shown both with (ICVT/LAG) and without (ICVT) tunneling (both VTST results include ZPE); comparison of these results shows that tunneling makes a large contribution to the rate. The accurate quantum-mechanical (QM) calculations are in excellent agreement with the experimental data at 500 and 405 K, where they are well within experimental error, but the calculated rates are below experimental values at 295 K by 30%, a surprisingly large disagreement. Possible systematic errors that could be more important at the lowest temperature (where the rate is smallest) are impurities in the H 2 or additional relaxation caused by nonreactive collisions. The ICVT/ LAG calculations of k 4.1 are consistently below both accurate QM theory and experiment at all temperatures, although they agree with the QM results within 23% over the temperature range plotted. The largest uncertainties in the ICVT/LAG calculations are in the tunneling contributions.
The present experimental results for the reaction rate of the heaviest H-atom isotope, muonic He, with the protium molecule can now be compared with that for the lightest H-atom isotope, muonium, corresponding to an unprecedented factor of 36.4 in atomic mass. The ratio of rate constants is given in Fig. 3 , which contains only one experimental point because the 0.11 H + 1 H 2 experiments (11) extend down only to 473 K. The usual convention is to place the rate constant for the lighter isotope in the numerator, because that yields a normal KIE greater than 1. The present KIE defined this way, k 0:11 =k 4:1 , however, is inverse (less than 1) and strikingly small, with an experimental value of 0.0108 and an accurate quantum value of 0.0104 at 500 K. The finding that accurate quantum dynamics agrees essentially perfectly with experiment, even though the KIE is a very strong function of temperature (Fig. 3) , argues convincingly that 4.1 H is indeed a H isotope, and nothing (such as geometric phases or nonadiabatic behavior) beyond a nonrelativistic treatment of single-potential-energy-surface scattering on the Born-Huang surface needs to be considered. This result is a dramatic confirmation of the success of quantum scattering calculations and the experiments in a difficult arena. When the temperature is lowered, the accurate quantum scattering result becomes 2.46 × 10 −3 at 405 K and 1.74 × 10 −4 at 295 K, with the latter being (to our knowledge) the smallest KIE ever reported.
Conventional transition-state theory without tunneling, which is widely used to interpret reaction mechanisms (25) , predicts a KIE of 1/19 at 500 K, in contrast to 1/90 by ICVT/LAG and the accurate value of 1/96. The good agreement of VTST calculations with accurate quantum results allows them to be used to assess vibrational contributions at the transition state and the importance of quantum tunneling, neither of which is explicit in the fully quantum calculations. The VTST calculations show that the large inverse KIE may be attributed primarily to the difference in stretching-vibration ZPE at the two transition states (the two reactions have identical reactant ZPEs). At their respective variational transition states at 500 K, the 4.1 He reaction has a ZPE of 5.3 kcal/mol (2.9 in stretch and 2.4 in bend), whereas the 0.11 H reaction has a ZPE of 13.8 kcal/mol (9.8 in stretch and 4.0 in bend). The good agreement (within 23%) of the VTST calculations with experiment lends credence to the existence of quantized transition states (26, 27) with these large amounts of vibrational energy.
The tunneling transmission coefficient, which is the ratio of the ICVT/LAG rate constant to the ICVT rate constant, is 4.3, 2.1, and 1.6 at 295, 405, and 500 K, respectively. Reactions of 0.11 H may exhibit greater tunneling effects than heavier isotopes because of the small mass (6) , and this would be true in any one-dimensional treatment with an isotope-independent effective barrier. However, the LAG approximation is multidimensional, including ZPE effects (28, 29) in the effective tunneling barriers and isotope-dependent tunneling paths, and the effective barrier to tunneling is much broader for the 0.11 H case because of the large ZPE of the 0.11 H 1 H product (30) . It is very encouraging that the results based on the LAG tunneling treatment, which is affordable for complex systems (31) , correctly accounts for the KIE despite the quite different effective potentials for the two isotopes, confirming the physicality of the isotopedependent barriers.
The Arrhenius (32) activation energy is defined as
which is proportional to the negative slope of an Arrhenius plot. It is well known (33, 34 ) that E a can exhibit substantial temperature dependence, and the present reactions illustrate this in Fig. 4 ; this kind of detail cannot be revealed yet by experiment. Figure 4 shows that E a would be quite different in magnitude and temperature dependence without tunneling, but with tunneling, the ICVT/LAG calculation agrees very well with the dramatic temperature dependence and isotope dependence shown by the accurate quantumdynamical results. These results confirm the usefulness of VTST for interpreting large quantum effects.
